A protein of apparent molecular mass of =59 kDa of the FK506-binding protein class (FKBP59) has been found associated with the heat shock protein hsp90 included in nontransformed steroid receptor complexes and termed FKBP59-HBI (HBI for Heat shock protein 90 Binding Immunophilin). Further data analysis has revealed that this immunophilin also belongs to the tetratricopeptide repeat family of proteins. In this work, we describe the hsp90-binding domain of FKBP59-HBI. Density gradient centrifugation, gel ifitration, and immunoadsorption analyses failed to demonstrate a stable association between FKBP59-HBI and hsp90 in the rabbit reticulocyte lysate. Using a gel-retardation assay, we provide evidence for a specific ATP-independent interaction between highly purified wild-type rabbit FKBP59-HBI and human hsp9OI3. This interaction was not affected by the immunosuppressants FK506 and rapamycin. Examination of the behavior of several mutants led us to conclude that the tetratricopeptide motifs localized in the C-terminal part of FKBP59-HBI are necessary for hsp90 binding.
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binding domains has permitted investigation of some functions of the protein (13) . It has been confirmed that the peptidyl-prolyl isomerase activity and the binding of immunosuppressants are confined to the N-terminal domain (13, 14) . In spite of the enzymatic and immunosuppressantbinding activities of FKBP12 and FKBP59-HBI, the latter, even bound to FK506, does not show any association with, or inhibition of, the phosphatase activity of calcineurin (6, 15, 16) as do the FKBP12-FK506 complexes. The FKBP59-HBI II domain is able to bind ATP/GTP (17) . The binding ofhsp90 to FKBP59-HBI has not yet been studied in detail and defined topologically. The first aim of this paper is to report on the demonstration of the complex formation between purified, both wild-type and mutated, rabbit FKBP59-HBI and human hsp90 overexpressed in Escherichia coli. We also present evidence that the ability of FKBP59-HBI to interact with hsp90 is encoded by the TPR domain of the protein, a sequence that has been recently identified in many important proteins dealing with cell division in yeast and other organisms (18, 19) . A protein of apparent molecular mass of -59 kDa (p59) was originally identified as a component of unliganded, nontransformed steroid hormone receptor oligomeric complexes (1, 2) , which also include the heat shock protein hsp90 (3) . Binding of this protein to hsp90 and not to the hormone-and DNA-binding receptor unit has been reported in vitro (2) and in vivo (4) . Recently, elucidation of the primary structure of the rabbit p59 (5) , confirmed by that of its human equivalent (6) , sequence alignment, hydrophobic cluster analysis of the secondary/tertiary structure (7) , and biochemical data (partial amino acid sequence, peptidyl-prolyl isomerase activity, and binding of the immunosuppressants FK506 and rapamycin) (8, 9) , has led to the identification of p59 as an immunophilin of the FK506-binding protein (FKBP) class.
We therefore referred to it as FKBP59-HBI (HBI for Heat shock protein 90 Binding Immunophilin). Hydrophobic cluster analysis has suggested that there are three domains structurally related to the well-conserved FK506-binding protein of 12 kDa (FKBP12), particularly the N-terminal domain with 49% homology (7) . A putative calmodulinbinding site located at the C-terminal extremity of the protein has been detected (7), and indeed binding of calmodulin to FKBP59-HBI has been reported (10) . Moreover, data base analysis revealed that FKBP59-HBI is also a member of the tetratricopeptide repeat (TPR) family of proteins, and, in particular, it shares "30% homology with a similar TPR found in cyclophilin 40, a cyclosporin A-binding protein of '"'40 kDa, found as a component of nontransformed estrogen receptor (11, 12) .
Recombinant full-length FKBP59-HBI and a series of mutants delimiting the three FKBP-like and calmodulin-MATERIALS AND METHODS Materials. ECi is a monoclonal antibody against . The polyclonal antipeptide antibody 173 against FKBP59-HBI has been described (5), and the polyclonal antipeptide antibody 174 raised against the C-terminal part of hsp90 was obtained from Neosystem (Strasbourg, France). Species-specific monoclonal antibodies against chicken hsp90 (BF4) and rabbit hsp90 (7C10) have been reported (3, 21) . N27, a monoclonal antibody specific for hsp70, was from StressGen Biotechnologies (Sidney, Canada).
Expression Vectors. All FKBP59-HBI and mutant expression vectors except those mentioned below have been described (13) . The full-length cDNA of FKBP59-HBI was excised from the vector pGEM-7Zf(+) (Promega) using EcoRI and then inserted into the EcoRI site ofthe pGEX-1AT vector (Pharmacia LKB) to yield HBI WT. HBI 1+11+III BamH1 was prepared by cleaving HBI WT at the unique BamHI site in the open reading frame (located at amino acid 400) and insertion at the BamHI site of the pGEX-1AT polylinker. HBI I+II+IV was generated by deletion of the Eco47III-Bal I fragment from the mutated F-KBP59-HBI, called HBI M3 here, cloned into pGEM-7Zf(+) (13) and insertion into the EcoRI site of the pGEX-1AT vector. The pKN1-3 plasmid, which contains the entire human hsp90(3 sequence, was first cleaved by SnaBI, which cut 22 bp upstream of the hsp90 coding sequence, followed by Sal I hydrolysis. This fragment was inserted into the EcoRI restriction site ofthe pGEX-1AT vector, leading to recombinant hsp90 used for overexpression in E. coli. For translation tTo whom reprint requests should be addressed.
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experiments, the pKN1-3 plasmid was cleaved by Sal I, and the fragment was inserted into the Xho I site of the pGEM7Zf(+) vector.
In Vitro Transcription and Translation. Translation reactions in nuclease-treated rabbit reticulocyte lysate (50 "Id) were performed as recommended by the supplier (Promega).
Density Gradient Ultracentrifugation. Sedimentation analyses were performed on 5-20% sucrose gradients in TG buffer [20 mM Tris-HCI/10% (vol/vol) glycerol, pH 7.4] in a Vti8O rotor (Beckman) for 2 hr at 70,000 rpm or on 10-35% glycerol gradients in an SW60 rotor (Beckman) for 16 hr at 48,000 rpm at 40C as described (22) .
Gel Filtration. Analytical filtration on Ultrogel AcA34 was carried out at 40C as reported (23) .
Electrophoresis, Autoradiography, and Immunoblotting. Aliquots of gradient or gel-filtration fractions were submitted to SDS/7.5% PAGE and visualized by fluorography. For immunoblotting, the proteins were transferred to Immobilon membranes (Millipore) and processed as described (21) . The staining of the antigen-antibody complexes was performed with the Vectastain ABC kit (Vector Laboratories).
Overexpression of FKBP59-HBI and hsp9O. Affinity purification of full-length and truncated FKBP59-HBI and hsp9o was achieved as described (13, 24) . Briefly, fusion proteins bound to glutathione-Sepharose beads were cleaved overnight at 40C with 6 units of human thrombin (specific activity of 2890 units/mg; Sigma) and dialyzed against TG buffer, and protein concentrations were measured as reported (25), using bovine serum albumin as standard.
Nondenaturing Gel Electrophoresis. Protein samples were run on 7.5% minislab gels as described (26) . Gels were either stained with Coomassie blue R250, or proteins were transferred to Immobilon membranes.
Immunoaffinity Chromatography. After translation, samples were applied to specific (7C10) or control (BF4) antihsp90 immunoadsorbent prepared and processed as described (21, 23). The eluates were subjected to SDS/PAGE and immunoblotting with 7C10 and 173 followed by fluorography.
RESULTS
Sedimentation Analysis of in Vitro-Translated and Endogenous FKBP59-HBI. To study FKBP59-HBI-hsp90 complexes, our general approach was to use the rabbit reticulocyte lysate as an expression system and a specific monoclonal antibody (7C10) raised against rabbit hsp90 (21) . The translation product of FKBP59-HBI mRNA was analyzed by sucrose density gradient ultracentrifugation followed by SDS/PAGE and autoradiography. As shown on Fig. 1A , a predominant band with an apparent molecular mass of 59 kDa sedimented at 3.5-4 S. In the presence of high salt (0.3 M KCl), the sedimentation coefficient of FKBP59-HBI remained unchanged (data not shown). The monoclonal antibody 7C10 was unable to shift this 3.5-4S entity, in contrast to the 6.5S dimeric form of endogenous hsp9O of the reticulocyte Iysate, which was displaced to -9 S (data not shown). The results indicate that, under these experimental conditions, in vitro-translated FKBP59-HBI is not associated with hsp90. Similar results were obtained when ultracentrifugation was performed for 2 hr, thus suggesting that FKBP59-HBI-hsp90 complexes had not dissociated during the course of the experiment. However, one must be cautious since the samples were subjected to high centrifugal forces, which could disrupt weak interactions. Because several laboratories reported the reconstitution of steroid hormone receptors including hsp9o, hsp70, and the equivalent of FKBP59-HBI in the rabbit reticulocyte lysate (27) (28) (29) (30) , we examined the size of endogenous FKBP59-HBI. Fig. 1B . In vitro-translated FKBP59-HBI (A) and untranslated rabbit reticulocyte lysate (B) were layered on the top of a 10-35% glycerol gradient in TG buffer and run for 16 hr at 48,000 rpm. Standards were glucose oxidase (GO, 7.9 S) and peroxidase (P, 3.6 S). After SDS/7.5% PAGE, 35S-labeled FKBP59-HBI was detected by fluorography (A) and FKBP59-HBI and hsp90 were detected by Western blotting (B) with 173 and 7C10, respectively. The molecular size markers (BRL) were phosphorylase B (105 kDa), bovine serum albumin (70.8 kDa), and ovalbumin (43.6 kDa).
ultracentrifugation and SDS/PAGE. This experiment clearly demonstrates that although some FKBP59-HBI cosedimented with the 6.5S dimeric form of hsp90, most was recovered in the 4S region of the gradient. Again, no shift of FKBP59-HBI occurred upon incubation with 7C10. Despite these controversial results, we performed another set of experiments to detect FKBP59-HBI-hsp9O complexes. Translation of FKBP59-HBI in the presence of an additional ATP-generating system, cotranslation with either the human estrogen receptor or hsp90, and cross-linking attempts with a reversible reagent failed to demonstrate a specific interaction between FKBP59-HBI and hsp90. We also hoped that we might be able to study this interaction by performing cotranslation of both proteins in the wheat germ lysate, where no endogenous hsp90 has yet been identified. However, while hsp90 migrated at 6.5 S, FKBP59-HBI was recovered in the first fractions of the gradient, suggesting aggregation of the protein.
Lack of Demonstration of FKBP59-HBI and bsp9O Complexes by Gel-Filtration Analysis and Imi n Chromatography. The association between FKBP59-HBI and hsp90 in the rabbit reticulocyte lysate was also examined by gel filtration. As shown in Fig. 2 , we observed neither coelution of in vitro-translated (R. = 4.5 nm) nor endogenous FKBP59-HBI (same value) with hsp90 (R, = 6 nm). However, even if FKBP59-HBI was present in untreated lysate coeluted with hsp90, as reported recently (31) , no shift occurred in the presence of 7C10 (data not shown). The data presented above demonstrate that, in the rabbit reticulocyte lysate, FKBP59-HBI is not associated with hsp90, although we cannot completely rule out that our experimental procedures would cause dissociation of unstable complexes. Therefore we tried to immunopurify translated FKBPS9-HBI on 7C10 immunoadsorbent. After gentle washing and elution, unlike hsp90, which was specifically retained by 7C10 and not by the control anti chicken hsp90 antibody BF4, in vitrotranslated FKBP59-HBI was present in both eluates, suggesting nonspecific interaction with the immunoaffinity matrix (data not shown). HBI WT with hsp9O, a new protein band of slower electrophoretic mobility was detected after Coomassie blue staining of the gel. As a negative control, parallel incubation with human transferrin did not modify the migration of both proteins, thus suggesting that the retarded band corresponded to specific HBI WT-hsp9O complexes. This new band of protein was recognized by both FKBP59-HBI and hsp9O antibodies (Fig. 4) , thus confirming the association between the two proteins. Moreover, addition of increasing amounts of hsp9O resulted in the total disappearance of the signal corresponding to HBI WT with the concomitant appearance of the slower migrating immunoreactive band (Fig.  4C) . It must be mentioned that, since hsp9O does not migrate as a single entity on SDS/PAGE where degradation products can be visualized, the concentration of hsp9O able to interact with FKBP59-HBI is difficult to estimate and, therefore, the exact stoichiometry of the complexes cannot be determined accurately. Nevertheless, these observations clearly demonstrate that purified recombinant FKBP59-HBI and hsp9O are able to associate in an ATP-independent way and form stable complexes that can be identified and characterized by gelretardation assay. Therefore a more detailed analysis of the FKBP59-HBI domain involved in this interaction was undertaken.
Mapping of FKBP59-HBI hsp9O-Binding Domain. The different constructs used for this analysis are illustrated schematically in Fig. 3 . As shown in Fig. 5 , no specific immunoreactive bands corresponding to HBI I+II and HBI I+II+IV were shifted upon incubation with hsp9O (Fig. 5, lanes 1-4) , thus strongly suggesting that domain III is necessary, but perhaps not sufficient, to associate or maintain a structure able to bind hsp9O. Indeed, we observed that HBI I+II+III also failed to interact with hsp9O (Fig. 5, lanes 5 and 6) as the full-length mutated HBI M3 (data not shown). Given the results obtained with the HBI WT and recently found structural features of the protein-namely, identification of TPR motifs located at the C-terminal part schematically represented in Fig. 3 (Fig. 3) . Fig. 5 shows that the immunoreactive protein (lane 8) migrated with a slower mobility after incubation with hsp90 (lane 9), whereas no modification occurred upon exposure to transferrin (lane 7), thus clearly demonstrating formation of specific complexes. This latter finding provides strong evidence that this new construct including the three intact TPR domains is able to associate with hsp90 contrary to the mutated truncated construct.
FK506 and Rapamycin Do Not Inhibit FKBP59-HBI Binding to hsp9O. As reported recently, immunosuppressants neither modify the composition of the heterooligomeric form of progesterone (14, 32) or glucocorticosteroid (33) receptors nor affect reconstitution of the glucocorticosteroid receptor complex (34 (4, 36) . In the present work, the interaction of highly purified full-length and truncated constructs of rabbit FKBP59-HBI and human hsp90, was assessed by nondenaturing gel electrophoresis. Upon incubation of wild-type full-length FKBP59-HBI with hsp90, we observed the appearance of a retarded band, suggesting formation of complexes. Proc. Natl. Acad. Sci. USA 91 (1994) 11201 cyclophilin component of the unactivated estrogen receptor, which shares identity with FKBP59-HBI (11, 12) . This motif contains a characteristic 34-amino-acid repeat defined by a degenerate consensus sequence that could be divided into two subregions (corresponding to domains A and B) each able to form short amphipathic a-helices (18, 19) . This repeated unit has been found in several proteins required for RNA synthesis, protein import, and Drosophila development (refs. 37 and 38 and references therein). The function ofthese repeats is unknown, but it has been postulated that they could direct protein-protein interactions (37, 38) . Such interactions could occur via the TPR sequence within the same protein molecule as well as between similar members of the TPR family or unrelated proteins. It is of interest to note that a 60-kDa protein that interacts with hsp90 and hsp70 is also a member of the TPR family (39, 40) . We have observed that our full-length mutated construct failed to interact with hsp90. The fact that insertion of 2 amino acid residues in the second helix of the third TPR domain could modify the three-dimensional structure of FKBP59-HBI, thus impeding its association with hsp90, prompted us to construct a new mutant containing the entire TPR sequence. Upon incubation with hsp90, this mutant displayed a modified electrophoretic mobility, thus demonstrating the importance of the TPR motifs in hsp90 binding. Whether these motifs interact directly with hsp90 or modulate binding of another domain remains to be elucidated.
We also investigated the effects of FK506 and rapamycin on hsp90 binding. Our results suggest that exposure of FKBP59-HBI to immunosuppressants does not impede association between the two proteins.
Altogether these findings indicate that both purified recombinant proteins are able to fold into a conformation allowing formation of stable complex in an ATP-independent manner as reported in another system (31) .
In conclusion, our cell-free system should make studies of molecular interactions between FKBP59-HBI, hsp90, and steroid hormone receptors possible. As cyclophilin 40 and a protein of 60 kDa have also been found in untransformed steroid receptor heterooligomers and contain TPR sequences, it will be of interest to examine whether these proteins also interact with hsp90. The fact that the TPR motif has been found in proteins from different species and tissues suggests that this specific sequence is of fundamental importance. By binding to the TPR region of FKBP59-HBI, hsp90 could prevent nonproductive interactions between the immunophilin and other intracellular proteins. hsp90 may also be a substrate for the peptidyl-prolyl isomerase function of some immunophilins and in turn modify the function of other proteins with which it interacts. The biological importance of the FKBP59-HBI-hsp90 interaction in the steroid receptor function remains to be elucidated.
